ATF1 (activating transcription factor 1), a stimulus-induced CREB family transcription factor, plays important roles in cell survival and proliferation. Phosphorylation of ATF1 at Ser63 by PKA (cAMP-dependent protein kinase) and related kinases was the only known post-translational regulatory mechanism of ATF1. Here, we found that HIPK2 (homeodomain-interacting protein kinase 2), a DNAdamage-responsive nuclear kinase, is a new ATF1 kinase that phosphorylates Ser198 but not Ser63. ATF1 phosphorylation by HIPK2 activated ATF1 transcription function in the GAL4-reporter system. ATF1 is a transcriptional repressor of ferritin H, the major intracellular iron storage gene, through an ARE (antioxidant-responsive element). HIPK2 overrode the ATF1-mediated ARE repression in a kinase-activity-dependent manner in HepG2 cells. Furthermore, DNA-damage-inducing agents doxorubicin, etoposide and sodium arsenite induced ferritin H mRNA expression in HIPK2 +/+ MEF cells, whereas it was significantly impaired in HIPK2 -/-MEF cells. Induction of other ARE-regulated detoxification genes such as NQO1 (NADPH quinone oxidoreductase 1), GST (glutathione Stransferase) and HO1 (heme oxygenase 1) by genotoxic stress was also decreased in HIPK2-deficient cells. Taken together, these results suggest that HIPK2 is a new ATF1 kinase involved in the regulation of ferritin H and other antioxidant detoxification genes in genotoxic stress conditions.
Introduction
ATF1 (activating transcription factor 1) belongs to the CREB transcription factor family that contains a basic-leucine zipper (bzip) motif for DNA binding and dimerization (Rehfuss et al., 1991) . ATF1 and CREB control transcription of many target genes through homo-or heterodimerization within the family or with other b-zip transcription factors on the sequences related to an AP1 or cAMP-response element (Mayr and Montminy, 2001) . ATF1 plays pivotal roles in cell survival and proliferation. Increased ATF1 expression in transformed lymphocytes and metastatic melanoma cells appears to enhance the growth potential of these tumor cells (Hsueh and Lai, 1995; Jean et al., 2000) . In addition, a gene fusion between Ewing's sarcoma gene EWS and ATF1 by t(12;22) chromosomal translocation was found in clear-cell sarcoma (Zucman et al., 1993) , and the EWS-ATF1 chimeric transcription factor plays a vital role in maintaining viability, tumorigenicity and metastatic potential of these cells (Bosilevac et al., 1999; Jean et al., 2000) . Stimulus-coupled activation of ATF1 is induced by growth factors as well as stress-inducing agents, in which ATF1 is phosphorylated at Ser63 located in the kinase-inducible (KID) domain by PKA (cAMP-dependent protein kinase) and several other serine-threonine (Ser-Thr) kinases (Mayr and Montminy, 2001 ).
ATF1 regulates cell survival and proliferation by acting either as a transcriptional activator (Atlas et al., 2001; Belmonte et al., 2001; Kingsley-Kallesen et al., 1999; Lee and Pedersen, 2003; Lu and Sack, 2008; Rolli et al., 1999; Zaman et al., 1999; Zhang et al., 2004) or a repressor (Dong et al., 2002; Okuyama et al., 1996; Salnikow et al., 1997) . We recently found that ATF1 is a transcriptional repressor of the ferritin H gene (Iwasaki et al., 2007) . Ferritin is the major intracellular iron storage protein comprising 24 subunits of H and L forms (Theil, 2003) . Ferritin H contains the ferroxidase activity that oxidizes ferrous iron to ferric iron for iron storage, whereas ferritin L stabilizes the multimeric ferritin shell (Arosio and Levi, 2002) . Ferritin synthesis is subject to both transcriptional and translational regulation (MacKenzie et al., 2008a) . Iron-mediated translational regulation via interactions of iron regulatory proteins with iron-responsive elements of ferritin H and L mRNA was extensively and elegantly characterized (Hentze et al., 2004; Rouault, 2006) . Iron-independent regulation of ferritin H and L genes was observed under such conditions as oxidative stress, inflammation and cell differentiation (MacKenzie et al., 2008a; MacKenzie and Tsuji, 2008) . We demonstrated that both mouse and human ferritin H genes are transcriptionally activated under oxidative stress via a well-conserved far-upstream enhancer element, antioxidant-responsive element (ARE) (Iwasaki et al., 2006; Tsuji, 2005; Tsuji et al., 1995; Tsuji et al., 2000) . The induction of ferritin during oxidative stress is an important cell defence mechanism against oxidative cell damage (Kaur et al., 2003; MacKenzie et al., 2008b; Pham et al., 2004; Sakamoto et al., 2009 ).
The molecular mechanism through which ATF1 transcriptional function is regulated in oxidative and genotoxic stress conditions remains incompletely understood. To better understand the ATF1-mediated ARE regulation, in this study we attempted to find ATF1-interacting proteins by yeast two-hybrid screening and have identified homeodomain-interacting protein kinase 2 (HIPK2) as an ATF1 binding protein. HIPK2 belongs to an emerging family of nuclear Ser-Thr kinases that share significant homologies with the DYRK (MNB) dual-specificity kinases (Hofmann et al., 2000; Kim et al., 1998) . These protein kinases play important roles in gene regulation, cell growth, differentiation and survival (Calzado et al., 2007; Rinaldo et al., 2007) ; however, molecular mechanisms behind their functions and diversities remain largely unknown. Among these kinases, HIPK2 has received much attention to its key regulatory role in DNA damage response. HIPK2 was initially identified as a binding protein and pivotal regulator of a homeodomain transcription factor, NKX1 (Kim et al., 1998) . HIPK2 is involved in both cell survival and apoptosis (Sombroek and Hofmann, 2009) . HIPK2 was shown to play a pivotal role in TGF--dependent cell survival of midbrain dopamine neurons via Smad interaction and subsequent activation of TGF- target genes . HIPK2 was also shown to be proapoptotic in response to ultraviolet (UV) exposure through p53 phosphorylation at Ser46, which inhibits MDM2-mediated degradation of p53 and ultimately activates p53-dependent apoptosis (D'Orazi et al., 2002; Hofmann et al., 2002) . Furthermore, HIPK2 was shown to induce phosphorylation of anti-apoptotic transcriptional co-repressor CtBP (C-terminal binding protein) at Ser422, which in turn triggers CtBP ubiquitination and degradation (Zhang et al., 2005; Zhang et al., 2003) .
In this study, we demonstrate that HIPK2 is a novel ATF1 kinase that phosphorylates a new phosphorylation site, Ser198, but not Ser63, and that HIPK2 appears to counteract the repressor function of ATF1 on the ferritin H ARE, resulting in induction of ferritin H and several other ARE-regulated antioxidant detoxification genes. These results suggest that HIPK2 is an important nuclear Ser-Thr kinase involved in cellular response to genotoxic and oxidative stress through post-translational regulation of the ATF1 transcription factor and expression of the ferritin H and other ARE-regulated antioxidant genes.
Results

HIPK2 phosphorylates ATF1
ATF1 serves as either a transcriptional activator or a repressor, including transcriptional repression of the ferritin H gene we observed (Iwasaki et al., 2007) . To understand the regulatory mechanism of the ATF1 transcription factor and its effect on the ferritin H gene, yeast two-hybrid screening was employed to identify potential ATF1 binding proteins. A GAL4 DNA-binding domain fused to the human full-length ATF1 cDNA was used as bait for screening a murine B cell cDNA library, in which we identified HIPK2 as an ATF1 binding protein that allowed a transformed yeast clone to grow on His (-) dropout agar plates (Fig. 1A) . To verify ATF1 and HIPK2 interaction in mammalian cells, HA-ATF1 and Flag-HIPK2 [either wild-type (wt) or kinasedead (kd) HIPK2] were transiently transfected into HEK293 cells and cell lysates were subjected to immunoprecipitation with an anti-HIPK2 antibody followed by western blotting with anti-HA antibody. Only when HA-ATF1 and Flag-HIPK2 (either wt or kd) were co-expressed in the cells, did the HIPK2 antibody coprecipitate HA-ATF1 (Fig. 1B, top , lanes 5 and 6). In this experiment, we reproducibly detected a slower migrated ATF1 band in western blotting when co-expressed with wild-type HIPK2 (Fig. 1B , middle, lane 5) but not with kinase-dead HIPK2 (lane 6). Similar results of HIPK2-induced ATF1 retardation were observed in K562 and SH-SY5Y cells (B.-W. Huang and K. Sakamoto, unpublished observation). The fact that the retarded ATF1 migration was induced in a HIPK2 kinase-dependent manner suggests that ATF1 might be phosphorylated either directly or indirectly by HIPK2.
To further characterize the retarded ATF1, we expressed HA-ATF1 and HIPK2 (wt or kd) in HEK293 cells and whole-cell lysates prepared from duplicated transfection plates were independently analyzed by western blotting for detection of HA-ATF1. The results in Fig. 2A reproducibly showed that the retarded HA-ATF1 band was induced only when wild-type HIPK2 was coexpressed. To characterize whether the retarded ATF1 is phosphorylated, the whole-cell lysates were treated with phosphatase prior to the western blotting with anti-HA antibody. Indeed, the phosphatase treatment abolished the retarded band (Fig. 2B) , indicating that the retarded ATF1 band is phosphorylated. The possibility of phosphorylation on the HA-tag is ruled out 3864 Journal of Cell Science 123 (22) (B)Indicated combinations of pHA-ATF1 and pFlagHIPK2 [wild type (wt) or kinase dead (kd)] were transfected into HEK293 cells, and cell lysates were immunoprecipitated with anti-HIPK2 followed by western blotting with anti-HA antibody (top). The right-end lane was loaded with 10g of HEK293 whole-cell lysate transiently transfected with pHA-ATF1. The same set of cell lysates were subjected to western blotting with anti-HA (middle) or anti-HIPK2 (bottom). Of note is that wt HIPK2 (but not kd HIPK2) and HA-ATF1-transfected cell lysate exhibited a slower migrated ATF1 band (middle, lanes 5 and 6). because there is no Ser-Thr in the tag sequence (Tyr-Pro-Tyr-AspVal-Pro-Asp-Tyr-Ala); a non-tagged ATF1 also showed the HIPK2-induced retardation (see below in Fig. 5 ).
To test whether HIPK2 directly phosphorylates ATF1, we performed an in vitro kinase assay by incubating recombinant ATF1 and HIPK2 in the presence of -32 P-ATP followed by SDS-PAGE and autoradiography. Recombinant PKA was used as a positive control for ATF1 phosphorylation at Ser63. ATF1 was 32 Plabeled after incubation with 4 or 12 ng of HIPK2 in vitro in a dose-dependent manner (Fig. 3A) . To our knowledge, Ser63 of ATF1 is the only phosphorylation site induced by PKA and related kinases (Rehfuss et al., 1991) . Interestingly, HIPK2 phosphorylated wild-type ATF1 as well as Ser63Ala-mutant ATF1 (Fig. 3A) . As expected, PKA, an ATF1 Ser63 kinase (Rehfuss et al., 1991) , phosphorylated wild-type ATF1 but not Ser63Ala-mutant ATF1 (Fig. 3A) . Thus, we concluded that HIPK2 directly phosphorylates ATF1 at new Ser-Thr site(s).
These results do not exclude the possibility that HIPK2 also phosphorylates ATF1 at Ser63 in addition to the novel phosphorylation site. To test this possibility, Flag-HIPK2 (wt or kd) or PKA along with HA-ATF1 (wt or Ser63Ala) plasmids were expressed in HEK293 cells and the status of phospho-Ser63 ATF1 was determined by western blotting using an anti-phospho Ser63 ATF1 antibody. Expression of ATF1 alone showed a detectable amount of spontaneously phosphorylated ATF1 at Ser 63 (Fig. 3B , top, lane 2). By contrast, no phospho-Ser63 ATF1 band was detected when ATF1 Ser63Ala was expressed alone (lane 3). When wildtype HIPK2 was co-expressed with wild-type ATF1, no increase in ATF1 Ser63 phosphorylation was observed (Fig. 3B , top, lane 5, compare with lane 2). However, the anti-ATF1 western blot of the same sample (Fig. 3B , middle, lane 5) showed a clear retarded ATF1 band, suggesting that HIPK2 phosphorylated ATF1. Importantly, when wild-type HIPK2 was co-expressed with Ser63Ala-mutant ATF1, phospho-Ser63 ATF1 was undetectable (Fig. 3B , top, lane 6) but the retarded ATF1 band was similarly detected (middle, lane 6). Conversely, when wild-type ATF1 was co-expressed with kinase-dead HIPK2, the spontaneous basal level of phospho-Ser63 ATF1 was detected (top, lane 7) but no retarded ATF1 band was observed (middle, lane 7). When the catalytic subunit of PKA was co-expressed with wild-type ATF1, an increase in phosphorylation of Ser63 ATF1 was detected (Fig. 3B , top, lane 8), indicating that induced phosphorylation of ATF1 at Ser63 is detectable in our assays. Collectively, these results suggest that HIPK2 does not phosphorylate Ser63 but phosphorylates new SerThr site(s) other than Ser63 of ATF1.
Phosphorylation at Ser198 of ATF1 and activation by HIPK2
To our knowledge, Ser63 in ATF1 is the only phosphorylation site so-far identified by PKA (Rehfuss et al., 1991) , MSK1 (mitogen and stress activated kinase 1) (Wiggin et al., 2002) and several other kinases (Mayr and Montminy, 2001 ), leading to activation of the transcription function of ATF1. To examine the effect of HIPK2 on ATF1 transcription function, we employed GAL4-luciferase reporter assays by co-transfection of ATF1-GAL4-DNA bindingdomain-fused plasmid (pFA-ATF1) and a GAL4-luciferase reporter along with HIPK2 into HEK293 cells. PKA was used as a positive control for ATF1 activation via Ser63 phosphorylation. In this assay, HIPK2 enhanced ATF1-dependent luciferase expression as efficiently as PKA (Fig. 4) , suggesting that HIPK2 activates ATF1. When both HIPK2 and PKA were co-expressed, ATF1 was further activated, suggesting that the pathways of ATF1 activation by HIPK2 and PKA are independent.
Ser63 in ATF1 is flanked by Pro62. HIPK2 preferentially phosphorylates Ser-Thr sites adjacent to proline residues [such as Pro421-Ser422-Pro423 in CtBP (Zhang et al., 2003) , Pro296-Ser297 in Grocho (Choi et al., 2005) , Ser46-Pro47 in p53 (D'Orazi et al., 2002; Hofmann et al., 2002) ]. Therefore, we predicted that Ser63 in ATF1 is one of potential HIPK2 phosphorylation sites. However, HIPK2 did not increase ATF1 Ser63 phosphorylation (Fig. 3B ) and Ser63Ala-mutant ATF1 was equivalently phosphorylated as wild-type ATF1 by HIPK2 in our in vitro kinase assay (Fig. 3A) , suggesting that HIPK2 is not an ATF1 Ser63 kinase but phosphorylates new Ser-Thr site(s). There are at least six other potential HIPK2 phosphorylation sites in human ATF1 at Pro98-Thr99-Pro100, Pro163-Ser164, Ser198-Pro199 (these are conserved in CREB), Ser122-Pro123 and Thr184-Pro185-Ser186 (these are not conserved in CREB). To determine new ATF1 Twenty-four hours after transfection, total cell lysates were collected and 40g of samples were separated on SDS-PAGE and then analyzed by western blotting using anti-phospho ATF1 Ser63 antibody (top), anti-ATF1 antibody (middle) or anti-HIPK2 antibody (bottom). Cell lysate with co-expression of PKA and ATF1 was used as a positive control of ATF1 Ser63 phosphorylation (lane 8). phosphorylation site(s) by HIPK2, non-tagged ATF1 plasmids mutated at the conserved Ser-Thr between ATF1 and CREB proteins (Ser63, Thr99, Ser164 and Ser198 of ATF1) to Ala were coexpressed with HIPK2 and cell lysates were subjected to western blotting with anti-ATF1 antibody and examined for whether a particular ATF1 mutation abolishes the retarded band. As shown in Fig. 5A , only the Ser198Ala ATF1 mutant failed to show the retardation under the similar expression levels of transfected HIPK2. To verify that Ser198 is the ATF1 phosphorylation site by HIPK2, we conducted an in vitro kinase assay using recombinant wild-type, Ser198Ala and Ser63Ala ATF1 proteins. Indeed, HIPK2 phosphorylated wild-type and Ser63Ala ATF1 proteins but failed to phosphorylate Ser198Ala ATF1 (Fig. 5B) . By contrast, PKA phosphorylated wild-type and Ser198Ala ATF1 proteins but failed to phosphorylate Ser63Ala ATF1 as expected (Fig. 5B) . Collectively, we concluded that HIPK2 directly phosphorylates ATF1 at Ser198.
Transcriptional regulation of the human ferritin H gene by ATF1 and HIPK2
Ferritin and a battery of antioxidant genes are transcriptionally regulated via an ARE under oxidative and chemical stress conditions (MacKenzie et al., 2008a) . We recently demonstrated by gel retardation and ChIP assays that ATF1 binds to the ferritin H ARE and represses ferritin H transcription in K562 human erythroleukemia cells (Iwasaki et al., 2007) . ATF1 also repressed the ferritin H ARE-dependent transcription in HepG2 cells, in which the luciferase construct containing the ferritin H ARE (-4.5 kb) was repressed by ATF1, whereas the one lacking the ARE (-4.4 kb) showed lower basal luciferase expression and no further transcriptional repression by ATF1 (Fig. 6A) . To assess the role of HIPK2 in the transcriptional regulation of the human ferritin H gene, -4.5 kb ARE (+) or -4.4 kb ARE (-)-luciferase was cotransfected with HIPK2 expression plasmid into HepG2 cells. As shown in Fig. 6B, HIPK2 induced expression of luciferase driven by the ARE (+) reporter, whereas there was no effect on the ARE (-) ferritin-H-luciferase expression. Then, we asked if HIPK2-mediated activation of the ferritin H transcription is dependent on the kinase activity. To address this question, wt or kd HIPK2 were expressed with the -4.5 kb ARE (+) ferritin-H-luciferase reporter into HepG2 cells and luciferase activity was measured. Varied amounts of wt HIPK2 transfection showed increased expression of luciferase, whereas kd HIPK2 had no effect on ferritin-H-luciferase expression (Fig. 7A) .
We next examined whether HIPK2 affects the ATF1-mediated repression of ferritin H. To this end, ATF1 and HIPK2 plasmids were co-expressed in HepG2 cells along with -4.5 kb ARE (+) ferritin-H-luciferase and luciferase expression was measured. ATF1 reproducibly repressed ferritin-H-luciferase expression, and wt HIPK2 but not kd HIPK2 overrode the ATF1-mediated ferritin H repression (Fig. 7B) . These results suggest that the reversal effect of HIPK2 on ATF1-mediated ARE repression is dependent on the HIPK2 kinase activity and that HIPK2-mediated phosphorylation of ATF1 might play a role in the reversal effect of HIPK2 on the ATF1-mediated ferritin H repression.
The role of endogenous HIPK2 in expression of ferritin and other antioxidant genes
To elucidate the role of endogenous HIPK2 in expression of ferritin in genotoxic stress, HIPK2
+/+ and HIPK2 -/-mouse embryonic fibroblasts (MEF) were treated with doxorubicin, etoposide and sodium arsenite for 20-24 hours, and ferritin H and L mRNA expression was measured. These genotoxic agents, known to activate HIPK2 (Hofmann et al., 2002; Rinaldo et al., 2007) , induced ferritin H mRNA expression in HIPK2 +/+ cells but not in HIPK2 -/-MEF cells (Fig. 8A) . The mouse ferritin L gene was shown to be regulated by an ARE (Wasserman and Fahl, 1997); however, these genotoxic agents showed only marginal effects on ferritin L mRNA expression even in HIPK2 +/+ MEF cells (Fig.  8A) . To examine whether the status of HIPK2 expression affects other well-characterized ARE-regulated antioxidant genes, 50 M etoposide-treated MEF cells were analyzed in mRNA expression of NQO1, GST and HO1. Etoposide induced mRNA expression of NQO1 and GSTa in HIPK2 +/+ MEF cells; however, the HIPK2 deficiency blunted the mRNA induction (Fig. 8B) . To exclude the possibility of adaptation effects in MEF cells, similar experiments were performed in SH-SY5Y cells by knocking down HIPK2. As shown in Fig. 8C , etoposide treatment induced ferritin H and NQO1 expression and that was impaired by HIPK2 knockdown. These results suggest that HIPK2 plays an important role in upregulation of ferritin H and other ARE-regulated antioxidant genes in response to genotoxic stress.
Discussion
Receptor-mediated activation of the CREB family has been extensively studied, in which PKA and several other Ser-Thr kinases activate transactivation function of ATF1/CREB through phosphorylation at Ser63 in ATF1 and Ser133 in CREB that are located in the KID domain (Mayr and Montminy, 2001; Shaywitz and Greenberg, 1999) . In this study, we demonstrate that HIPK2 phosphorylates ATF1 at Ser198, but not Ser63, and activates ATF1 transcription function. CREB and CREM (cAMP response element modulator) are closely related to ATF1 in their amino acid sequences and functional domains (Mayr and Montminy, 2001 ). In fact, the human ATF1 amino acid sequences containing the HIPK2 phosphorylation site are highly conserved in CREB and CREM transcription factors: ATF1, TVVMT-S (198) PV; CREB, GVVMASS entire CREB family. Indeed, we recently observed that HIPK2 phosphorylates CREB at Ser271, which activates CREB transcription function (Sakamoto et al., 2010) .
CREB phosphorylation at Ser133 (equivalent to ATF1 Ser63) was shown to enhance subsequent recruitment of CREB-associated histone acetyltransferase CBP (CREB binding protein) (Arias et al., 1994; Chrivia et al., 1993; Kwok et al., 1994) via the KID, resulting in transcriptional activation of target genes. The HIPK2 phosphorylation site of ATF1 Ser198 is not in the KID but is localized adjacent to the second glutamine-rich region followed by the basic region of ATF1. We recently observed in ChIP assays that phosphorylation of CREB at Ser271 by HIPK2 showed no significant increase in DNA binding but increased recruitment of CBP on a BDNF promoter (Sakamoto et al., 2010) . This suggests that HIPK2-mediated Ser198 phosphorylation might also stabilize the ATF1 and CBP interaction or facilitate the recruitment of CBP through phosphorylated Ser63. In addition, this new ATF1/CREB phosphorylation site by HIPK2 might recruit yet-unidentified coactivators to the vicinity of the binding site for transcriptional activation of target genes. The retarded migration of ATF1 with Ser198 phosphorylation but not Ser63 phosphorylation (Fig. 3B) implies that the impact of phosphorylation at these two sites on protein structure and activation mechanism might be different. Further investigation will be necessary for understanding the new regulatory mechanism of ATF1 and CREB family members by HIPK2.
HIPK2 has been characterized as a DNA-damage-responsive Ser-Thr kinase that functions either as a transcriptional co-repressor or co-activator (Rinaldo et al., 2007) and participates in cell death (Calzado et al., 2007) or survival . HIPK2 protein levels are regulated by E3 ubiquitin ligases such as WSB1 (Choi et al., 2008) and SIAH1 (Winter et al., 2008) . In addition, HIPK2 has recently been shown to regulate cellular hypoxic response, in which hypoxic conditions induce the interaction of HIPK2 and another ubiquitin E3 ligase SIAH2 that in turn facilitates HIPK2 polyubiquitination and proteasomal degradation (Calzado et al., 2009a) . This HIPK2 degradation allows SIAH2 to induce degradation of prolyl hydroxylases, resulting in the stabilization of HIF1 (Calzado et al., 2009b) . In accordance with the negative regulatory role of HIPK2 in HIF1 expression, HIPK2 was also shown to repress transcription of the HIF1a gene that causes sensitization of cells to doxorubicin-induced apoptosis under a hypoxia-mimicking condition (Nardinocchi et al., 2009 ). Thus, both at transcriptional and post-translational levels, HIPK2 appears to be a negative regulator of HIF1a expression and hypoxiainducible gene expression. Conversely, ATF1 and CREB were reported to bind to the hypoxia response element together with HIF1 constitutively or an inducible manner under a hypoxiamimicking condition (iron chelator or cobalt chloride treatment) (Ebert and Bunn, 1998; Kvietikova et al., 1995; Zaman et al., 1999 ) that upregulates hypoxia-responsive genes and protects cells from oxidative cell damage. Furthermore, ATF1 was identified as a hypoxia-responsive transcription factor, in which phosphorylation of ATF1 at Ser63 via a p38 MAP kinase pathway was involved in hypoxia-induced transcriptional activation of the uncoupling protein 3 gene in myotubes (Lu and Sack, 2008) . The degradation of HIPK2 during hypoxia might cause the ratio to change towards more phospho-Ser63 ATF1, less phospho-Ser198 ATF1 along with HIF1 accumulation via the aforementioned mechanism. Our results suggest that phosphorylation of Ser63 (by PKA) and Ser198 (by HIPK2) activates ATF1 transcription function additively or independently (Fig. 4) ; however, the hypoxia response element might have the preference of phospho-Ser63 ATF1 in cooperation with HIF1 for expression of hypoxia-inducible genes. It remains to be determined in the future whether there is a positive or negative crosstalk between Ser63 and Ser198 phosphorylation of ATF1 in expression of its target genes. Transcriptional repression of the ferritin H gene appears to be a strategy of oncogenes for enhancing cell proliferation because lower ferritin H expression levels ultimately increase the intracellular iron pool for cell proliferation and metabolism (Kakhlon et al., 2001 ). We previously demonstrated that the adenovirus E1A oncogene transcriptionally represses ferritin H in mouse NIH3T3 fibroblasts (Tsuji et al., 1993a) , later it turned out to be regulated through the ARE (Tsuji et al., 1995; Tsuji et al., 2000) . c-myc was shown to repress transcription of ferritin H along with an increased intracellular iron pool that was required for c-myc-induced cell transformation (Wu et al., 1999) . Our results show that ATF1 is another transcriptional repressor of ferritin H in non-stress conditions (Fig. 6) . Expression of ATF1 is upregulated in several cancer cells such as lymphomas (Hsueh and Lai, 1995) and metastatic melanoma cells (Jean et al., 2000) . In addition, the 3868 Journal of Cell Science 123 (22)
Fig. 8. HIPK2 deficiency affects expression of ferritin H and other AREregulated genes in genotoxic stress. (A)HIPK2
+/+ or HIPK2 -/-MEF cells were treated with 0.5 or 2.0g/ml doxorubicin (Dox), 10 or 50M etoposide (Eto) or 10M sodium arsenite (As). Twenty hours after the treatment, total RNA was isolated and subjected to real-time PCR for expression of ferritin H and L. (B)HIPK2 +/+ or HIPK2 -/-MEF cells were treated with 50M etoposide for 20 hours and expression of ferritin H (FH), ferritin L (FL), NAD(P)H quinone oxidoreductase-1 (NQO1), glutathione S-transferase- (GSTa), or heme oxygenase-1 (HO1) mRNA was measured by real-time PCR. (C)SH-SY5Y cells were transfected with non-targeting (siControl) or HIPK2-targeting (siHIPK2) siRNA and incubated for 24 hours. Cells were then treated with 2M or 10M Etoposide for 48 hours and ferritin H and NQO1 mRNA expression was measured by real-time PCR. In B and C, mean and standard errors from three independent experiments were shown. *P<0.05, as determined by a Student's t-test.
EWS-ATF1-fused gene via t(12;22) chromosomal translocation is involved in proliferation of clear-cell sarcoma (Zucman et al., 1993) . Thus, ATF1 could be another gene product that enhances cell proliferation through transcriptional repression of ferritin H and a subsequent increase in intracellular iron levels.
Iron is an essential element for various metabolic pathways and cell proliferation; however, excess iron is potentially detrimental because it catalyzes formation of a highly toxic hydroxyl radical in Fenton chemistry (Papanikolaou and Pantopoulos, 2005) . Therefore, under oxidative and some chemical stress conditions, ferritin transcription is activated through the ARE and cells limit the availability of intracellular labile iron. In this study, under exposure to such genotoxic agents as doxorubicin and etoposide that are known to activate HIPK2 (Rinaldo et al., 2007) , mRNA expression for ferritin H and other ARE-regulated antioxidant genes was upregulated in HIPK2 +/+ cells but not HIPK2 -/-or knockdown cells (Fig. 8) . Thus, HIPK2 appears to be involved in ARE-regulated antioxidant gene transcription in these stress conditions. We observed that HIPK2 -/-MEF cells proliferate much faster than HIPK2 +/+ MEF cells as previously reported (Wei et al., 2007) , and of note is that they are more susceptible to oxidative and genotoxic agents such as etoposide, doxorubicin and cisplatin (Sakamoto et al., 2010) . The increased susceptibility to these agents could be, at least in part, due to the lack of induction of AREregulated ferritin H and other antioxidant genes in HIPK2-deficient cells.
Basic-leucine zipper transcription factors such as NRF2 (NFE2-related factor 2) and small MAF proteins (MAFK and MAFG) have been demonstrated to regulate various phase II detoxification genes via the ARE enhancer (Motohashi and Yamamoto, 2004) . NRF2 and JUND are involved in the transcriptional activation of the ferritin H gene via the ARE during oxidative stress through their post-translational modifications such as redox and phosphorylation (Iwasaki et al., 2006; Tsuji, 2005) . We were not able to detect endogenous HIPK2 protein by western blotting in HepG2 and other cell types, even after our trials with almost all commercially available anti-HIPK2 antibodies, perhaps because of generally low expression levels of HIPK2 as reported (Wang et al., 2001) , and as noted by others that currently no commercially available antibody can efficiently detect endogenous HIPK2 protein (Boucher et al., 2009) . Further investigation will be necessary to elucidate the HIPK2-induced ARE activation mechanism, specifically as to whether HIPK2 primarily activates, through phosphorylation, ATF1 and/or NRF2 or other ARE-binding proteins including coactivators such as p300 and CBP (Aikawa et al., 2006) and core histones.
Materials and Methods
Cell culture
The HepG2 human hepatocarcinoma cells and HEK293 human embryonic kidney cells (ATCC) were cultured in minimum essential medium (MEM) supplemented with 2 mM L-glutamine, 1 mM sodium pyruvate, 0.1 mM nonessential amino acids and 10% fetal bovine serum (FBS; Mediatech). SH-SY5Y cells were cultured in a 1:1 mixture of MEM and HAM's F12 medium supplemented with 0.1 mM nonessential amino acids and 10% FBS. HIPK2 +/+ and HIPK2 -/-mouse embryonic fibroblasts (MEF), kindly provided by Eric J. Huang at University of California San Francisco (Wei et al., 2007; Wiggins et al., 2004) , were cultured in DMEM with 2 mM L-glutamine and 10% FBS. Cells were maintained and incubated during experiments at 37°C in a humidified 5% CO 2 atmosphere.
Plasmids and antibodies
Cloning of the human ferritin H 5Ј upstream enhancer and promoter region and construction of luciferase reporter plasmids were previously described (Tsuji, 2005) . pFlagHIPK2 wild-type and K221A or K221R kinase-deficient HIPK2 were kindly provided by M. Lienhard Schmitz and Jun Ninomiya-Tsuji. ATF1 point mutations (63A, 99A, 164A and 198A) were constructed with the QuickChange Site-Directed Mutagenesis Kit (Stratagene). Mouse PKA cDNA (Clontech) was subcloned into pCMV vector. Antibodies used in this study were: anti-HA (HA11, Covance), antiFlag (M2, SIGMA), anti-HIPK2 (C15, Santa Cruz Biotechnology) and anti-ATF1 (C41-5.1, Santa Cruz Biotechnology).
DNA transfection and luciferase reporter assays
Transient DNA transfection into HepG2 cells was carried out by the calcium phosphate precipitation method as described previously (Tsuji et al., 1993b) . Briefly, cells were plated at a density of 4ϫ10 5 cells per 35 mm plate containing 2 ml of the culture medium (in duplicate per transfection) and a total of 0.2 ml of calcium phosphate solution containing 0.5-1 g of each reporter plasmid DNA was added to the cells and incubated for 40-48 hours. The GAL4 reporter assays were performed as described previously (Iwasaki et al., 2006) . To monitor and normalize the differences in transfection efficiency in each plate, 0.1 g of pRL-CMV (Promega) or pRL-EF (elongation factor promoter) was simultaneously cotransfected. Preparation of cell extracts and luciferase assays were performed using Dual Luciferase Assay Reagents (Promega) and the luciferase activity was measured with Luminometer (Model 20E, Turner Designs). Luciferase expression in each transfected sample was normalized by Renilla luciferase activity.
Yeast two-hybrid assay
Yeast two-hybrid screening of a mouse B-cell pGAD cDNA library was performed using a human full-length ATF1 (pGBDATF1) as bait and the procedure was described previously (Iwasaki et al., 2007) . Colonies of yeast PJ69-4A retransformed with pGADHIPK2 and pGBDATF1 (grown on tryptophan-and leucine-deficient synthetic dropout agar plates) were tested for growth on tryptophan-, leucine-and histidine-deficient agar media containing 2 mM 3-aminotriazole.
Immunoprecipitation and western blotting
HEK293 cells were transfected with 10 g of pCMVFlagHIPK2 [wild-type (wt) or kinase-dead (kd) K221R] and 10 g of pCMVHAATF1 plasmids by calcium phosphate transfection method. Whole-cell lysates were prepared at 40-48 hours after transfection and protein concentration of each cell lysate was measured with Bio-Rad protein assay reagent. Three hundred micrograms of the whole-cell lysates was immunoprecipitated with anti-HIPK2 antibody and then subjected to western blotting with anti-HA antibody. Expression levels of transfected Flag-HIPK2 and HAATF1 in the cell lysates (40 g) were analyzed by western blotting with anti-HIPK2 and anti-HA antibodies, respectively. In the experiments of phosphatase treatment, 40 g of HEK293 whole-cell lysates transfected with HAATF1 and Flag-HIPK2 (wt or kd K221R) were incubated with 800 units of -phosphatase (New England Biolabs) for 20 minutes at 37°C prior to western blotting with anti-HA antibody. SH-SY5Y cells (1ϫ10   7   ) were transfected with 100 pmol non-targeting siRNA (5Ј-UAGCGACUAAACACAUCAAUU-3Ј; D-001210-01; Dharmacon) or siHIPK2 (5Ј-GAGAAUCACUCCAAUCGAA-3Ј; J-003266-10; Dharmacon) using Gene Pulser X-Cell in 100 l serum-and antibiotics-free media. After treatment with genotoxic chemicals, RNA was isolated with TRIzol reagent (Invitrogen) and real-time PCR was carried out to measure ferritin H, ferritin L, NQO1, GSTa, HO1, HIPK2 or GAPDH mRNA with SYBR Green PCR Master Mix (Applied Biosystems) in the presence of primer set for ferritin H (human, Qiagen QT00072681; mouse, 5Ј-GCCTCCTACGTCTATCTGTCTATGTC-3Ј and 5Ј-TGGTGGAGAAAG -TATTTGGC-3Ј), mouse ferritin L (5Ј-AATCAGGCCCTCTTGGATC-3Ј and 5Ј-GATAGTGGCTTTCCAGGAAGTC-3Ј), NQO1 (human, Qiagen QT00050281; mouse, 5Ј-CATTCTGAAAGGCTGGTTTGA-3Ј and 5Ј-CTAGCTTTGATCTG -GTTGTCAG-3Ј), mouse GSTa (5Ј-GCCAAGTACCCTTGGTTGAA-3Ј and 5Ј-AATCCTGACCACCTCAACA-3Ј), mouse HO1 (5Ј-CCCACCAAGTTCA -AACAGCTC-3Ј and 5Ј-AGGAAGGCGGTCTTAGCCTC-3Ј), HIPK2 (QT00051485, Qiagen) or GAPDH (QT00079247, Qiagen). The value of each mRNA expression was normalized by GAPDH mRNA expression. Approximately 70% HIPK2 knockdown in SH-SY5Y cells was achieved by our electroporation procedure (Sakamoto et al., 2010) .
HIPK2 knockdown and real-time PCR
In vitro kinase assay
Recombinant HIPK2 (amino acids 165-564, Upstate/Millipore), PKA (human fulllength catalytic subunit, Upstate/Millipore), and ATF1 (amino acids 39-271, Santa Cruz Biotechnology) proteins were used (Fig. 3A) . His-tagged human ATF1 plasmids (pQE31ATF1 wt, 63A, and 198A) were constructed and recombinant full-length ATF1 proteins were purified as described (Sakamoto et al., 2010) with minor modifications. Indicated amounts of recombinant proteins were incubated at 30°C for 20-30 minutes in kinase buffer (10 mM HEPES, pH 7.4, 5 mM MgCl 2 , 1 mM DTT) in the presence of 5 uCi -32 P-ATP and 100 M unlabelled ATP. Samples were then separated on 10% SDS-PAGE and subjected to Coomassie Blue or Silver staining (SilverQuest, Invitrogen) and autoradiography. 
